coronary artery disease (cAD) causes mortality and morbidity worldwide. We used near-infrared erythrocyte-derived transducers (nets), a contrast agent, in combination with a photoacoustic imaging system to identify the locations of atherosclerotic lesions and occlusion due to myocardial-infarction (Mi). nets (≈90 nm diameter) were fabricated from hemoglobin-depleted mice erythrocyte-ghosts and doped with Indocyanine Green (ICG). Ten weeks old male C57BL/6 mice (n = 9) underwent left anterior descending (LAD) coronary artery ligation to mimic vulnerable atherosclerotic plaques and their rupture leading to MI. 150 µL of NETs (20 µM ICG,) was IV injected via tail vein 1-hour prior to photoacoustic (PA) and fluorescence in vivo imaging by exciting NETs at 800 nm and 650 nm, respectively. These results were verified with histochemical analysis. We observed ≈256-fold higher PA signal from the accumulated nets in the coronary artery above the ligation. fluorescence signals were detected in LAD coronary, thymus, and liver. Similar signals were observed when the chest was cut open. Atherosclerotic lesions exhibited inflammatory cells. Liver demonstrated normal portal tract, with no parenchymal necrosis, inflammation, fibrosis, or other pathologic changes, suggesting biocompatibility of NETs. non-invasively detecting atherosclerotic plaques and stenosis using nets may lay a groundwork for future clinical detection and improving cAD risk assessment.
non-diseased arteries 5 . Aortic inflammation specifically giant-cell arteritis and Takayasu arteritis in patients with large-vessel vasculitis were detected and quantified through 11 C labeled tracer-PK11195 in conjunction of PET/ CT 6 . Iron oxide accumulation by macrophages, the hallmarks of vulnerable atherosclerotic composite plaque inflammation, can be imaged with MRI in human 7, 8 . Iron-oxide nanoparticles has traditionally been imaged with T2*-weighted MRI gradient echo sequences 9 . These sequences create robust contrasts in parenchymal organs such as the myocardium (heart), liver, and pancreas by generating signal hypo-intensity or negative contrast surrounding the area of iron-oxide nanoparticles. However, it is difficult to image vessel walls with this approach due to lack of suitable background for negative contrast from the presence of large amounts of air in the structures surrounding the vessel wall in thorax and neck areas. Recently, photoacoustic (PA) imaging is being used for detecting plaque-specific lipid accumulation in collagen structure and thrombosis of carotid artery between 1130-1250 nm wavelength 10, 11 . However, no studies have ever targeted inflammatory cells as a molecular marker for plaque vulnerability with PA imaging.
We are presenting here a novel near infrared (NIR) contrast agent called NIR erythrocyte-derived transducers (NETs) in conjunction with a PA and fluorescence imaging systems to detect inflammation in coronary artery. We hypothesized that during PA imaging, when a non-ionizing laser pulse is delivered to the coronary artery, it will able to detect stenosis or blockage due to thermoelastic expansion from energy absorption by NETs within inflammatory cells. These expansions will be detected as acoustic pressure wave by the ultrasound transducer and generate PA signal. Herein we demonstrate for the first time that NETs-mediated PA imaging provides a capability for non-invasive detection of inflammation as well as the location of advanced stage of stenosis and occlusion in the left anterior descending (LAD) coronary artery ligation mice models.
Materials and Methods
preparing mice LAD coronary ligation model. All methods were performed in accordance with the guidelines and regulations approved by the Administrative Panel on Laboratory Animal Care at the Stanford University School of Medicine (APLAC #18086). The use of LAD coronary artery ligation mice model in this study is two-fold: (1) find the location of inflammation caused my macrophages accumulation due to injury from the ligation surgery; and (2) identify the occlusion/stenosis of coronary artery or location of MI. Ten weeks old male C57BL/6 (Jax Lab) mice (n = 9) from Jackson Laboratory were used for LAD coronary artery ligation procedure. After 7 days of acclamation based on an approved protocol (APLAC #18086), the LAD ligation surgical procedure was performed. Mice were anesthetized with isoflurane before subjected to the ligation surgery. The mice were intubated and opened the chest cavity at the left intercostal space to expose the heart and the LAD artery. Once the LAD artery was distinguished under the dissecting microscope, an 8-0 polypropylene suture was placed under the LAD artery for permanent ligation with the suture. After the whole procedure, the chest was closed using 6-0 polypropylene suture. Mice were then extubated and monitored until fully awake and active. These mice were healed for one week before the imaging experiment. nets fabrication. NETs were fabricated from Swiss Webster Sentinel mice red blood cells. Blood was drawn from these mice using syringes coated with 3% heparin followed by erythrocytes separation from the whole blood via centrifugation (1000 × g for 5-10 minutes at 4 °C). The plasma and buffy coat were removed before the erythrocyte pellet was re-suspended in ≈ 320 mOsm phosphate buffered saline (PBS) (defined as 1 × PBS), centrifuged (1000 × g for 5-10 minutes at 4 °C) and washed with 1 × PBS three times. The supernatant was discarded after each wash. The erythrocytes were then subjected to hypotonic treatment by re-suspension in 0.25 × PBS (≈80 mOsm) and were allowed to incubate for ≈10 minutes before being centrifuged (20,000 × g for 20 minutes at 4 °C). The supernatant containing hemoglobin was discarded, and the hypotonic treatment was repeated until the erythrocyte pellet was white in color, indicating the presence of hemoglobin-depleted erythrocyte ghosts (EGs).
To form nano-sized particles, EGs were sequentially extruded through 400 nm and 200 nm polycarbonate porous membranes (VWR Funding, Inc.) 20 times using an Avanti mini extruder (Avanti Polar Lipids, Inc.). The 20 mL of the resulting nano-sized EGs were suspended in a solution comprised of 1 × PBS, 0.1 M Sorenson's buffer (Na 2 HPO 4 /NaH 2 PO 4 , 140 mOsm, pH ≈ 8), and the FDA approved NIR dye Indocyanine Green (ICG) (Thermo Fisher Scientific Inc., Waltham, MA, USA). The concentration of ICG in this loading buffer was either 20 μM or 1 mM. The solution was centrifuged (≈ 56, 000 × g for 1 hour at 4 °C) again and the supernatant was removed. The pellet was re-suspended in 1 × PBS, centrifuged, and washed one more time before the resulting NETs pellet was re-suspended in 3 mL 1 × PBS, yielding a 10-fold increase in the relative number density of the NETs. Similar to our previous studies, dynamic light scattering was used to estimate the hydrodynamic diameter distribution of NETs suspended in 1 × PBS, and absorption and fluorescence spectroscopy to characterize their optical properties before IV injection into the animals 12-14 . fluorescence stability and biodistribution of nets. According to our published study 14 , NETs fabricated using the same methods as those reported here did not show any statistically significant changes in time-dependent fluorescence stability after 12 hours of storage at either 4 °C or 37 °C. These findings were in contrast to free ICG, which exhibited about 50% reduction in time-dependent fluorescence stability under the same conditions.
The biodistribution and acute toxicity of NETs on healthy Swiss Webster mice have been previously been examined and reported 15 . In brief, following tail vein injection of free ICG and NETs, animals were euthanized at various time points up to 48 hours. Fluorescence analysis of blood showed that nearly 11% of the injected amount of nano-sized NETs (nNETs) remained in blood at 48 hours post-injection as compared to ≈5% for micron-sized NETs (μNETs). Similarly, at this time point, higher levels of nNETs were present in various organs including the lungs, liver, and spleen. Histological analyses of various organs, extracted at 24 hours post-injection of nNETs and μNETs, did not show any pathological alterations. Serum biochemistry profiles also did not show any elevated levels of biomarkers associated with liver and kidney functions. Values of various hematological profiles remained within the normal ranges following the administration of nNETs and μNETs. Findings from this study suggest that erythrocyte-derived particles can potentially provide a nontoxic platform for delivery of ICG.
In Vivo photoacoustic imaging with Vevo-LAZR/ Vevo-2100. The Vevo-LAZR LZ550 (FujiFilm
VisualSonics Inc.) transducer system was used in this study to generate the photoacoustic images (Fig. 1a ). The Vevo-LAZR system is a versatile multi-modality PA imaging platform based on the Vevo-2100 (ultrasound) which combines high resolution anatomical visualization with functional data. The scanning head had array transducers with 256-element and collected 2D PA images with 44-µm axial resolution at 740 frame-per-second (fps). The PA signal was collected up to 6.5 mm from the surface. The data acquisition time was 0.2 seconds. The energy density of the flash-lamp pumped Q-switched Nd-YAG laser at the imaging region of interest was 45 ± 5 mJ for maximum frequency of 20 Hz. This system incorporated photoacoustic imaging into high-resolution ultrasound (US). Photoacoustic images were obtained at 800 nm excitation wavelength with the array transducer of 40 MHz central frequency due to maximal absorption of NETs at this wavelength. Optical parametric oscillator of the LAZR system was pumped by frequency-doubled Nd:YAG laser with a repetition rate of 20 Hz, pulse duration of 4 to 6 ns, spot size of 24 mm 2 . For the PA signal acquisition, the gain was set to 40 dB with 2D gain of 22 dB. The imaging depth of the Vevo-LAZR was set at 10 mm and width of 14.08 mm. A 2D ultrasound imaging was also performed for colocalization of photoacoustic signals.
In Vivo Fluorescence Imaging with IVIS-200. The www.nature.com/scientificreports www.nature.com/scientificreports/ location of the NETs accumulation within the coronary artery ( Fig. 1b ). Briefly, in vivo left anterior descending (LAD) mouse was placed inside the light-tight imaging chamber of the IVIS-200 system with a field-of-view of 13 cm. Images were taken with a highly sensitive CCD camera system cooled to −90 °C. For fluorescence imaging, the binning factor was set at small (4 × 4 pixels) and peak excitation/emission at 650 nm and 700 nm wavelengths, respectively. Fluorescent images were acquired at exposure times of 0.5, 1, 5, and 10 seconds. An average radiant efficiency was calculated with a unit of (p/sec/cm 2 /sr)/(µW/cm 2 ) based on the IVIS-200 images after correction for field flatness.
Animal preparation prior to imaging. All mice experiments were performed based on an approved protocol by the Administrative Panel on Laboratory Animal Care at the Stanford University School of Medicine (APLAC #18086). Prior to IV injection, radiant efficiency of both 20 µM and 1 mM ICG loaded NETs was measured with IVIS-200 fluorescence imaging system at 650 nm excitation wavelength. These NETs were placed in two separate vials followed by imaging with IVIS-200 at 650 nm wavelength.
Before heart imaging, the chest hair was removed with Nair Hair Removing Cream, and. mice were then anaesthetized by a nose cone delivering 2 L min −1 O 2 gas mixed with 3% isoflurane. Hot water filled balloon was placed on the tail for 2 minutes to dilate the vessel following cleaning the tail with alcohol swap. 150 µL of 20 µM NETs was injected via tail vein using a catheter and a drop of tissue adhesive (3 M Vetbond) to hold the needle in place. The catheter was prepared by taking out the 28 G needle from the syringe and place it into a PVC tube (Luer-Stub Adapters from Sterile Intramedic, Sparks, MD). Only 20 µM NETs was used for fluorescence imaging due to fluorescence quenching from aggregated state of 1 mM ICG in NETs 16 . One hour after injecting the NETs, mice were imaged with VevoSonic/LAZR and IVIS-200 for photoacoustic and fluorescence imaging, respectively. www.nature.com/scientificreports www.nature.com/scientificreports/
Results
NETs have shown peak hydrodynamic diameter distribution of 89.92 ± 3.35 nm based on the dynamic light scattering ( Fig. 2a ) and strong absorption over 600-800 nm due to the presence of ICG (Fig. 2b) . In response to photo-excitation at 650 nm, fluorescence emission peaks at ≈ 700 and 790 nm, corresponding to the respective H-like and monomer forms of ICG were observed 14 (Fig. 2c ). The radiant efficiency was also measured for 20 µM and 1 mM NETs, in two separate vials using IVIS-200 prior to the in vivo experiments (Fig. 2d ) to identify the correct concentration for NETs dose. We found a radiant efficiency of 5.43 × 10 7 (p/sec/cm 2 /sr)/(µM/cm 2 ) for 20 µM NETs and none for 1 mM NETs, suggesting aggregation-induced quenching for 1 mM NETs. Based on this finding only 20 µM NETs was injected to the mice models.
The schematic diagram and photograph of mouse heart illustrated the ligation location at LAD coronary artery with highlighted infarct region (Fig. 3a,b) . A 1.5 mm area above the ligation (Fig. 4a, yellow arrow) outlined the accumulation of NETs by exhibiting 256-fold (±13.73) higher (Fig. 4b) photoacoustic signal compared to non-ligated areas. NETs accumulation in the LAD coronary artery, thymus, and liver provided strong fluorescence signals when imaged through intact skin (Fig. 5a) . Similar signals were observed in in situ mice heart when the chest wall was cut open (Fig. 5b) and were co-registered with in vivo images showing a 1.5 mm long area above the ligation of the LAD coronary artery, thymus, and liver. The infarct area with fibrous tissue was identified below the ligation (blue arrow) of the LAD coronary artery (Fig. 5c, green arrow) . A 1.6-2 × higher (LAD coronary artery: 3.72 × 10 7 ± 6.92 × 10 7 vs. 1.76 × 10 7 ± 1.85 × 10 6 (p/sec/cm2/sr)/µW/cm 2 ); thymus: 2.75 × 10 7 ± 1.37 × 10 6 vs. 1.33 × 10 7 ± 7.69 × 10 5 (p/sec/cm2/sr)/µW/cm 2 )) fluorescence signals (Fig. 6) were detected from the in situ LAD coronary artery images of the mice heart and thymus compared to in vivo images. In Situ (the heart is exposed after the chest was cut open) images confirmed our in vivo findings. The liver (blue arrow) exhibits traces of NETs uptake compared to the ligation in the heart (green arrow). It also verified that there was no uptake in the infarct region (white arrow). (c) Photograph of the heart with a smart phone highlighted the ligation location (blue arrow) in the LAD coronary artery and infarct area with fibrosis (green arrow).
Figure 6.
Statistical plot exhibited highest fluorescence signal close to the ligation location in the heart. Liver showed less uptake of NETs compared to thymus. Fluorescence signals from these three organs attained significant level of P-value (P < 0.05).
Decreased signal levels from in vivo images are due to attenuated light resulting from scattering by specifically bones from the rib cage, skin, and fat layers. However, liver showed similar fluorescence level (1.46 × 10 7 ± 1.58 × 10 6 vs. 8.99 × 10 6 ± 8.05 × 10 5 vs. (p/sec/cm2/sr)/µW/cm 2 )) for both in vivo and in situ images. Statistical data showed that in vivo LAD coronary artery of mice heart (1.76 × 10 7 ± 1.85 × 10 6 ) had 1.32-fold (P = 0.006) and 1.96-fold (P = 0.004) higher fluorescence signals compared to thymus (1.33 × 10 7 ± 7.69 × 10 5 ) and liver (8.99 × 10 6 ± 8.05 × 10 5 ), respectively. We considered P < 0.05 as statistically significant for all data analysis. Based on this statistical power, fluorescence signals from all three organs attained significant level of P-value (P < 0.05). Trichrome stained histological images illustrated the infarct region (Fig. 3b , double dotted line) composed of scarring and tissue necrosis at the left ventricle that was immediate below the ligation of the LAD coronary artery (Fig. 7a,b ). Intact viable myocytes were only observed in the right ventricle. Trichrome stained septum in between left and right ventricles was highlighted with blue collagen indicative of infarct region with scarring, granulation, and fibrosis (Fig. 7c ). Picrosirius red indicating degraded collagen (Fig. 7d ) within the affected coronary artery. Polarized light was used to identify degraded collagen type (Fig. 7e ). Oli Red-O identified a trace amount of lipids near the ligation area (Fig. 7f ). Severe inflammation was detected due to massive macrophage accumulation within the ligation area using Mac-2 and Dapi staining (Fig. 7g,h) . H&E stained liver demonstrated normal portal tract (Fig. 7i) , with no parenchymal necrosis, inflammation, fibrosis, or other pathologic changes, and hence indicative of the biocompatibility of NETs. 
Discussions
Using combined photoacoustic and fluorescence imaging capabilities could increase the accuracy of detecting occlusions and possibly inflammatory cells such as macrophages. PA signals were generated when exogenous constitute NETs were excited with pulsed laser irradiation causing thermoelastic expansion. The photoacoustic images were were reconstructed similarly to ultrasound images but with a spatial map of optical absorptions by endogenous and exogenous constitutes. The optical absorption and ultrasound scattering of coronary artery tissue makes it optimal for photoacoustic imaging at high resolution and depth (3-5 cm deep) [17] [18] [19] [20] [21] , much further than fluorescence imaging which has limited resolution at only a few mm penetration depth [22] [23] [24] .
Contrast-enhanced non-invasive photoacoustic imaging is an attractive solution for stenosis detection. One important aspect of using NETs as a contrast agent was that the myocytes did not uptake any of the contrast agent. Therefore, we were able to eliminate high background noise that are usually present using PET tracer such as 18 F-FDG and opens a new horizon for the whole-body imaging of detection of MI. The accumulation of NETs inside the coronary artery was not from hydrodynamics rather than complete occlusion of the artery leading to inflammation due to macrophage accumulation. This assumption was verified with the findings of the histology study that exhibited macrophages adjacent to the necrosis of myocytes.
Although, we used NETs to detect coronary occlusion including inflammation, this contrast-enhanced photoacoustic imaging can potentially enable information about plaque compositions in addition to structural information based on our previous studies 25, 26 . NETs are most likely retained in inflamed tissue through integrin and complement-based adherence to damaged endothelium and/or monocytes, which are themselves attached to the endothelium after injury from the ligation 27 . We were able to image inflammation due to NETs accumulation within coronary arteries with photoacoustic system while most of the circulating NETs have been cleared and allowed us to distinguish symptomatic from asymptomatic coronary arteries.
Our photoacoustic imaging in conjunction with NETs in mice model paved a way for using this technique in larger animals such as rabbits and pigs. In future, we plan to demonstrate that NETs/photoacoustic can provide information on plaque vascularity or inflammation in larger animals, which will lead to translation in to clinical practice for identifying patients with high risk of stroke or transient ischemic attack. Photoacoustic imaging can also be helpful with characterizing cardiac dynamics as well as finding real-time volumetric assessment in MI model and human carotid artery 28, 29 . For this to happen, photoacoustic imaging systems will need robust methods of automated signal quantification in three dimensions and reproducibility of the technique.
Nonetheless, we have able demonstrated that NETs in conjunction with photoacoustic imaging showed much higher uptake in the adjacent area to infarct with inflammation compared to liver. Similar results were found through the fluorescence imaging. There were no tissue damages observed in the liver from NETs indicative of biocompatibility. We have demonstrated a potential future for clinical detection of human inflammation from coronary stenosis and offer the possibilities for expanding our toolbox for noninvasive imaging.
conclusion
Use of NETs to detect the location of inflammation and stenosis non-invasively may drive a paradigm shift in the diagnosis of CAD, enabling clinical detection and improving risk assessment. The technique described herein will provide invaluable tool enabling researchers to investigate disease processes and clinicians to patient's risk-stratification.
